Abstract
Introduction
Normal circulation of the blood requires the coordinated activity of several systems in the cardiovascular circuit: the heart, the arterial compartment, the microcirculation, the venous compartment and the blood. Cardiovascular profiling is defined as the evaluation of the functionality of these systems for categorisation of the cardiovascular system into functional subtypes 1, 2 . For this, invasive and non-invasive methods can be used 3, 4 . Cardiovascular profiling in pregnant women can be performed non-invasively using standardized combined Doppler-electrocardiography (D-ECG) assessment 5 and Impedance Cardiography (ICG) 6, 7 .
Cardiovascular dysfunction has been reported as less severe in gestational hypertension than in preeclampsia [8] [9] [10] and pharmacologic response was found to differ between both entities 8 .
Similarly, cardiac, arterial and venous hemodynamic dysfunction was found to present less severe in late-onset than in early-onset preeclampsia [11] [12] [13] , and maternal serum concentrations of angiogenic factor differed between both entities 14 . Micro-circulatory changes were also reported to differ between preeclampsia and HELLP-syndrome 15 .
In this paper, we report our observations on the non-invasive maternal cardiovascular profile with D-ECG and ICG in women with different clinical types of hypertension in pregnancy, relative to the findings in uncomplicated pregnancies (UP): gestational hypertension (GH), early-onset preeclampsia (EPE) and late-onset preeclampsia (LPE).
Materials and methods
Approval of the ethical committee was obtained before study onset (MEC ZOL reference: Exclusions were women with multiple gestation, essential hypertension with or without superimposed preeclampsia, renal disease with or without proteinuria, history of organ transplantation, women with concomitant diseases as diabetes, thyroid dysfunction, autoimmune disease, cholestasis or liver disease, women with HELLP syndrome, women with thrombocytopenia or with non-hypertensive proteinuria and IUGR without associated maternal symptoms. Included were only those women without known diseases and new onset hypertension > 20 weeks (Fig 1) . In addition to this, a group of women with normal maternal and neonatal outcome at birth, who were admitted to the antenatal unit for presumed hypertension in the third trimester of pregnancy, were used as a control group. PE was defined as new onset gestational hypertension (≥ 140/90mmHg on at least 2 occasions at least 6 hours apart) with de novo proteinuria (≥ 300mg/24hours) without thrombocytopenia or liver dysfunction, according to the criteria of the National High Blood Pressure Education
Program Working Group 16, 17 . New onset hypertension > 20 weeks with proteinuria < 300 mg/24h is defined as gestational hypertension (GH). PE < 34 weeks is defined as early onset preeclampsia (EPE), whereas PE ≥ 34 weeks is defined as late onset preeclampsia (LPE). As such, there were 4 categories eligible for retrospective analysis: uncomplicated pregnancies (UP), gestational hypertension without proteinuria (GH), early onset preeclampsia (EP) and late onset preeclampsia (LP).
For each woman, data on demographics and perinatal outcome were recorded, together with results from serum and urine biochemistry, ICG-measurements and maternal Doppler-ECG parameters. Maternal demographic data include age (years), body mass index (BMI) at first visit as recorded from the records, gestational age at assessment (weeks), parity and use of antihypertensive medication. Data on perinatal outcome comprise gestational age at delivery Messtechnik GmbH, Ilmenau Germany) according to the reported methodology and protocol with known repeatability 6 . This impedance technique is a non-invasive method of evaluating haemodynamic parameters, based on thoracic resistance changes of a high frequent, low powered electrical current, measured during each heart cycle using a set of 4 skin-electrodes 18, 19 . Blood pressures were measured standardised using the automated device of the NICCOMO-monitor. Pressure parameters were systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP = SBP -DBP) and mean blood pressure (MBP = DBP + PP/3), all expressed in mmHg. ICG-parameters were left ventricular output parameters, aortic flow parameters, and thoracic fluid content (TFC in 1/kOhm) 6, 18 . Left ventricular output parameters were stroke volume (SV) in mL, heart rate (HR) in beats/min and cardiac output in mL/min (CO = HR x SV). Aortic flow parameters were velocity index (VI in 1/1000/s) which is equivalent to the amplitude of the systolic wave and acceleration index (ACI in 1/100/s²) which stands for the maximum acceleration of blood flow in the aorta 6, 18 . Thoracic fluid content is measured directly from the electrical conductivity of the chest and reflects the total of intracellular, interstitial and circulation fluid volumes in the thorax 6, 18 .
All Doppler-ECG examinations were done by 5 sonographers (WG, TM, AS, KT and SV)
according to the protocol reported elsewhere 20, 21 , with known intra -and interobserver 
Results
A total of 150 women were included: 22 had UP, 41 had GH, 31 had EPE and 56 had LPE.
Inclusions and exclusions in this study from the total cohort of women, admitted to the hospital for hypertension in pregnancy during the study period, are presented in Figure 1 .
Demographic data are presented in Table 1 , together with results from maternal serum and urine laboratory tests. Table 2 shows the blood pressure values and ICG measurements of cardiac output, aortic flow velocities and thoracic fluid content. As is shown, HR, SV or CO were not different between groups. For GH, LPE and EPE, aortic flow VI and ACI were lower than in UP. The most important findings of Tables 2 and 3 are summarized in Table 4 . As compared to UP, hemodynamic dysfunction aggravates from GH to LPE and finally EPE.
Discussion
The data presented in this report support the view that (1) central arterial hemodynamic dysfunction is present in both gestational hypertension and preeclampsia, and (2) preeclampsia presents with signs of venous hemodynamic dysfunction, which is not true for gestation induced hypertension.
Our study is original because it evaluates aspects of hemodynamics at different sites of the maternal circulation: central and peripheral arterial hemodynamics together with venous hemodynamics. The strengths of our study are that every woman is examined according to a standard protocol using non-invasive assessment techniques with known inter-and intraobserver correlation 6, 18, 22 . Next to this, the patients included in each group strictly comply with all reported criteria for each disorder, and are free of interfering maternal or gestational Next to this, our data in Table 3 illustrate that maternal venous hemodynamic dysfunction is a feature of both early-and late-onset preeclampsia, but not GH. Venous hemodynamic dysfunction in PE was reported for the first time by Bateman et al 27 . In former publications, we have reported that RIVI is higher in EPE than in LPE 13 and that HVI is also increased in PE, as compared to UP 21 . The higher values of RIVI in EPE than in LPE were linked to the presence of the so-called Doppler wave venous pre-acceleration nadir (VPAN) 5, 13 . VPAN results from the retrograde intravenous rebound of right atrial contraction, which in PE presents up to the level of the kidneys resulting in a more pronounced deceleration of blood flow and higher RIVI-values. It is unclear whether this rebound in PE relates to increased cardiac diastolic dysfunction 2 or to reduced venous distensibility 28 . Pulse transit time is considered a measure for vascular stiffness: in conditions of increased vascular tone or stiffness, the propulsion wave is transported faster through the circulation than in conditions of low vascular tone, and this is responsible for a shorter time interval between ECG and pulse or Doppler wave [29] [30] [31] . During PE, shorter pulse transit times have been measured at both the arterial 32 and venous sites of the circulation 23 . It is likely that increased venous tone in PE is associated with a faster and more distant rebound of atrial contraction throughout the venous circulation, up to the level of the kidneys. As such, increased RIVI, with or without VPAN, can be considered a reflection of pulsatile counteraction of forward venous flow from the kidneys, which intermittently counteracts renal outflow during each atrial contraction 33 .
Our observations of increased Doppler Impedance Index and shortened venous pulse transit times in intrarenal veins are compatible with a state of increased intravenous or intravenular hydrostatic pressure. Therefore, we propose renal venous congestion as an additional explanation for some of the clinical manifestations of PE. A decrease of venous outflow from the kidneys will result in a decrease of glomerular plasma flow and glomerular filtration rate.
In order to maintain the glomerular filtration rate, local renin angiotensin aldosteron system (RAAS) will be activated by stimulation of the juxtaglomerular apparatus 34 . This intrarenal production of angiotensin II (Ang II) will result in proteinuria 35 and increased salt sensitivity with subsequent edema and hypertension 36 . In PE circulating RAAS remains suppressed or unchanged 37 . Upregulation of Ang II Receptor-1 and increase of Ang II Receptor-1 AutoAntibody in PE might further enhance the Ang II sensitivity 38 . Raised Ang II levels can cause proteinuria by several mechanisms: increased glomerular pressure, endothelial cell dysfunction, contraction of the podocytes and reduced expression of nephrin 39 .
Experimentally induced increase of intravenous pressure in the renal veins 40 or subobstruction to venous drainage from the kidneys has been shown to result in overt proteinuria, partially reversible by Ang II antagonism 35 . Proteinuria due to renal congestion has also been described in the nutcracker syndrome where the left renal vein is narrowed in
This article is protected by copyright. All rights reserved the angle between the aorta abdominalis and the arteria mesenterica superior, leading to orthostatic proteinuria mainly in young adults. The improvement of this type of proteinuria by ACE inhibition demonstrates an etiologic role for Ang II 41 . The correlation we found between RIVI and degree of proteinuria in LPE suggests a possible underrecognised role for venous hemodynamics in the pathophysiology of PE, and invites for more research into the pathophysiology of PE-related proteinuria.
Conclusion
The combination of our observations allow describing the cardiovascular profile for different types of hypertensive disease in pregnancy : (1) gestational hypertension combines increased blood pressures with central hemodynamic dysfunction, and (2) preeclampsia presents as gestational hypertension with venous hemodynamic dysfunction. Tables 2 & 3 . Arrows indicate significant differences relative to uncomplicated pregnancy. 
Blood pressures
GH LPE EPE SBP ↑ ↑ ↑ DBP ↑ ↑ ↑ MAP ↑ ↑ ↑ Arterial hemodynamics GH LPE EPE Aorta VI ↓ ↓ ↓ ACI ↓ ↓ ↓ Ut Arc Art Rt APTT ↓ ↓ Lt APTT ↓ ↓ R RI ↑ L RI ↑
